Analyzing 2D segment by Multiphysics in heat transfer and solid mechanics, pondering variables by Design of Experiment (DOE)  by Martins, Jairo Aparecido & Romão, Estaner Claro
Engineering Science and Technology, an International Journal 19 (2016) 1929–1935Contents lists available at ScienceDirect
Engineering Science and Technology,
an International Journal
journal homepage: www.elsevier .com/ locate / jestchFull Length ArticleAnalyzing 2D segment by Multiphysics in heat transfer and solid
mechanics, pondering variables by Design of Experiment (DOE)http://dx.doi.org/10.1016/j.jestch.2016.10.013
2215-0986/ 2016 Karabuk University. Publishing services by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
⇑ Corresponding author.
E-mail addresses: jairophd@gmail.com, estaner23@usp.br (E.C. Romão).
Peer review under responsibility of Karabuk University.Jairo Aparecido Martins, Estaner Claro Romão ⇑
Universidade de São Paulo – USP, Brazil
a r t i c l e i n f o a b s t r a c tArticle history:
Received 25 August 2016
Revised 17 October 2016
Accepted 24 October 2016
Available online 4 November 2016
Keywords:
Design optimization
Mechanical and thermal properties
StatisticsThe application of reinforcements on plates is very important to increase products strengths and some-
times applied to promote higher heat dissipation efficiency. The understanding of the design of simple
plates regarding thermal and mechanical characteristics, visualizing future utilization, favors the devel-
opment of optimized and robust products. This paper aims to present a simplified plate segments (2D) in
order to understand and ponder mathematically, by novelty Multiphysics (FEM) and statistically (DOE),
its design possibilities under external variables. The identification of main effects and interaction
between such variables (design, pressure and temperature) can significantly contribute to improve the
design of real products.
 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Modeling tools are each time more present and important in
engineering, ranging from paper and pencil, Novak and Gowin
[11], to the use of interactive technologies, such as computer,
Ogborn [12], Martins and Romão [8]. For example, whether a paper
and pencil version of a model reveals its static nature, which is
inside a snapshot of physical reality, its computational version
brings dynamic to it. It means that the model may be, for example,
rotated and the results of processing assist in restructuring and
improvement of the initial model, enabling thus, the envisioning
of the evolution of the physical reality, Ferracioli [5]. The simula-
tion is defined, by Pegden and Shannon [13], as being a process
of designing a computer model of a real system and conducting
experiments with this model, in order to understand their behavior
and/or evaluate strategies for their operation and improvement.
Several researchers over decades have made extensive studies
about reinforcements of materials and designs, like Akbulut and
Gündogdu [1], Milanese et al. [9]. Kumar and Mukhopadhyay
[14], for example, developed a new stiffed plate element based
on the first order shear deformation theory, which is a combination
of Allman0s plane stress triangular element and Discrete Kirchhoff-
Mindlin triangular plate bending element. Xu and Reifsnider [15]
went into the material investigating composite compressive failureusing a micromechanical model and found that, a complete matrix
slippage had reduced the composite longitudinal strength.
This paper aims, towards the profiles modelled by Inventor 2D
platform and calculated by novel Finite Element Method by COM-
SOLTM Multiphysics, gathered with a statistical tool, DOE (Design Of
Experiments) by MiniTab, to determine the main affects and inter-
action among variables. The variables treated were; plate design,
temperature and pressure. The scientific hypothesis considered is
that, the addition of reinforcement on the plate (design – with ribs)
generates lower stresses levels when compared with the flat plate.
Beyond of this, the temperature dissipation is maximized by the
ribs design, which may work like as a top riser, usually found in
foundry as a mechanism to dissipate heat and clustering bubbles.2. Materials and method
The characteristics analyzed in 2D drawing modelling were; the
presence of reinforcements, two ribs on the back of the plate or its
absence (flat plate), the temperature at the surface and the pres-
sures applied against it, on the bottom surface. The back rib profile
respected some usual best practices in terms of mechanical resis-
tance and thermal convection on products, like those seem in
clutches and radiators, Chen [3]. The temperatures applied were,
room temperature, 298 K (25 C) and 383 K (110 C), which are
consistent with usual temperatures, for example, measured in
some pneumatic clutches in field [4]. The two models treated
(2D), were done in Inventor 2016 are shown in the Fig. 1 and just
ahead in Fig. 2.
Fig. 2. Plate with reinforcements (two ribs).
Fig. 1. Flat plate.
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with some products used in clutches, which has the following
characteristics (Table 1):
2.1. Finite element analysis
The calculus were based on the Solid Mechanics for a linear
elastic material, as well as Heat Transfer in liner elastic solids, both,
time dependent.
The Solid Mechanics obey the following equations, Kal-
tenbacher et al. [7]:
0 ¼ r  Sþ FV
S ¼ Sad þ C : eel; being eel ¼ e einel
Sad ¼ S0 þ Sext þ Sq
einel ¼ e0 þ eth þ ehs þ epl þ ecr
e ¼ 12 ½ðruÞT þru
ð1Þ
where rS = Cauchy stress tensor, FV = volume force, e0 = Initial
strain, eth thermal strain, ehs = Hygroscopic strain, epl = Plastic strain,
ecr = Creep strain, evp = viscoplastic strain, S0 = Initial stress tensor,
Sext = External stress tensor, Sq = extra stress due to viscous
damping, Sad = deviatoric stress, e = linear strain-displacement.
eel = eeinel elastic strain, represents the total strain minus initial
and inelastic strains, such as thermal strains.
In terms of Heat transfer in Solids, it considers the following
additional equations;
dZ  q  Cp  dTdt þ dZ  q  Cpu  rT þ d  q ¼ dZQ þ q0 þ dZQted
q ¼ dZ  k  rTTable 1
Material characteristics (casted iron).
Characteristic Symbol Value Unit
Coefficient of thermal expansion 1 11.8E6 1/K
Heat capacity at constant pressure Cp 449 J/(kg K)
Density c 7860 kg/m3
Thermal conductivity K 80.2 W/(m K)
Young modulus E 152E9 Pa
Poisson0s ratio m 0.27 1Being; Cp = specific heat, Q = heat source, q = density, k = thermal
conductivity, u = velocity, dZ = the out-of-plane thickness, q = heat
flux, T = temperature, Qted = thermoelastic damping.
The pressures applied against the plate were: 5 bar (0.5 MPa)
and 7 bar (0.7 MPa), usually these values are found in pneumatic
clutches, DESCH [4]. The pressures are applied on vertical direction
and perpendicular to the plate surface. The constraints settled at
the lateral/vertical lines of the plate and all of them considered
fixed and rigid constraint. The face on the back of the plate bottom
surface, flat or with ribs are free for convection, heat exchange,
with room temperature of 25 Celsius (298 K). The outputs from
the calculations are the Equivalent Stresses (von Mises) and the
Temperature change with time, this last from intervals of 2 s, rang-
ing from 0 s to 10 s.
The software used for modelling 2D was [6] and the calculations
generated by Finite Element analysis with [2].
2.2. Design of experiments
The statistical tool used to evaluate of main effect and interac-
tion is [10]. The function used for the experiments is f = xn for x = 2
as being the superior and inferior values for each variable (Table 2).
The factorial design chosen was full, number of replicates one,
number of blocks null, number of center points null and eight
experiments, as result of the quantity of variables, in this case,
exponent n = 03.
The sign for the interaction effect between variable 1 and vari-
able 2 is defined as the sign for the product of variable 1 and vari-
able 2 Table 2. The signs are obtained according to normal
multiplication rules. By using these rules it is possible to construct
sign columns for all the interactions in factorial designs.
The idea is to study the main effects of each variable as well as
the interaction between them. The output from the analysis was
the von Mises stress (Equivalent Stress).
Being A = Design (Reinforcement) => (+) ribs/() flat plate
B = Temperature => (+) 383 K/() 298 K
C = Pressure applied => (+) 7 bar/() 5 bar
The experiments are evaluated in order to fit a polynomial
model, in this case a third order interaction model:
y ¼ b0 þ ðb1  x1 þ b2  x3 þ b3  x3Þ
þ ðb1;2  x1  x2 þ b1;3  x1  x3 þ b2;3  x2  x3Þ þ ðb1;2;3  x1  x2  x3Þ
Being : b1  x1 ¼ A; b2  x2 ¼ B; b3  x3 ¼ C
b1;2  x1  x2 ¼ A B;b1;3  x1  x3 ¼ A C; b2;3  x2  x3 ¼ B C and
b1;2;3  x1  x2  x3 ¼ A B
Also having;
b0 ¼
Xn
1
y
n
; to n ¼ 8 ðquantity of experimentsÞ
The main effects are calculated by using the signs in the corre-
sponding columns and either add or subtract the value of the
response, y. This summation is finally divided with the number of
experiments.
b1 ¼
Pn
1y
n
; b2 ¼
Pn
1y
n
; b3 ¼
P
b2;3
¼
Pn
1
y
n 1
ny
n
;
b1  x1 ¼ A; b2  x2 ¼ B; b3  x3 ¼ C
b1;2  x1  x2 ¼ A  B; b1;3  x1  x3 ¼ A  C; b2;3  x2  x3 ¼ B  C and
b1;2;3  x1  x2  x3 ¼ A  B  C
Table 2
Experiments description to f = 2n.
Exp. A B AB C AC BC ABC
1 + + + + + + +
2   +  + + 
3 +   + +  
4  +   +  +
5 +     + +
6 + + +    
7  +  +  + 
8   + +   +
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as for the main effects.
b1;2 ¼
Pn
1y
n
; b1;3 ¼
Pn
1y
n
; b1;2;3 ¼
Pn
1y
n
The estimated effects are then placed in the polynomial model
describing the relationship between the variables:
y ¼ b0 þ ðb1:x1 þ b2:x2 þ b3  x3Þ
þ ðb1;2  x1  x2 þ b1;3  x1  x3 þ b2;3  x2  x3Þ þ ðb1;2;3  x1  x2  x3Þ
The function above is now describing how the experimental vari-
ables and their interactions influence the response f(x).
3. Results
3.1. Finite element analysis – von Mises stresses
The Figs. 3 and 4 show the von Mises stresses for the extreme
conditions, higher pressure and higher temperature applied on
the reinforced plate (ribs present). The Figs. 5 and 6 present the
results obtained after 10 s for the stress and 2 s for the tempera-
ture, still for the reinforced design. The Figs. 5 and 6 show the same
data inputs from the last one but applied on the flat plate.Fig. 3. von Mises stress (p = 7 baAll the values obtained of maximum von Mises stress are
found in the Table 3. As verified, it is clear that the stresses
are time dependent. From 0 to 2 s there is an abrupt stress
increase for the experiments 1, 4, 6, and 7, just after 2 s until
10 s the values, as a whole, and for all those experiments stabilize,
see Fig. 7.
When comparing the stresses levels on the bottom surface
(Figs. 3 and 5), at the middle most deformed region where the
pressure was applied, and for both designs (flat and reinforced),
any relevant difference is verified. The maximum stress on the
reinforced plate is 260 MPa while for the flat plate, at the same
region, 230 MPa.
Regarding temperature, the flat plate presents a well-defined
distribution in layers shape. After 2 s, there are basically 5 layers
very well established, ruling the following temperatures, 380 K,
375 K, 373 K, 366 K and 364 K. At this particular case, through
the plate thickness the temperature range is narrow and kept in
16 K. For the reinforced plate the temperature distribution is quite
homogeneous after 2 s, being close to 370 K. Even so, it drops down
to 350 K close to the base of the rib and starts a temperature gra-
dient from it, which reaches minimum 320 K at the top of the rib.
The temperature range, at this particular case, is slightly wider
than the flat plate and close to 20 K.r), temperature (T0 = 383 K).
Fig. 4. Temperature distribution, (p = 7 bar), temperature (T0 = 383 K).
Fig. 5. von Mises stress (p = 7 bar), temperature (T0 = 383 K).
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the temperature values between the designs: Reinforced Plate
against Flat Plate. The temperature of the Flat Plate is higher than
the reinforced design, reaching maximum difference at 2.8 and
2.9 s and being 10 K (3.0%).3.2. Design of Experiment study (DOE)
Fig. 8 presents the main effect plots for the three variables of the
system: pressure, temperature and design configuration. The tem-
perature is the main effect, having the highest impact in the Stress
Fig. 6. Temperature distribution (p = 7 bar), temperature (T0 = 383 K).
Table 3
Results of maximum von Mises stresses with time.
Exp. von Mises – maximum stress (MPa)
Time (s)
0 2 4 6 8 10
1 241.98 457.11 547.41 560.19 562.06 563.08
2 64.49 64.62 64.65 64.66 64.66 64.66
3 81.21 81.32 81.36 81.37 81.38 81.38
4 233.64 438.14 525.67 534.52 533.17 532.51
5 65.60 65.72 65.75 65.77 65.77 65.77
6 237.39 443.46 533.87 546.62 548.46 549.47
7 238.77 451.84 539.21 548.05 546.70 546.05
8 80.13 80.26 80.29 80.30 80.30 80.30
Fig. 7. Variation of temperature with time for different designs.
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plate and flat plate) and pressure (5 and 7 bar) are not expressive
and, as seem, do not influence the maximum stress considerably.In summary, the main effect results may be describe as follow:
 The temperature variation has the highest effect (impact) on the
von Mises equivalent stress. The lower temperature generates
lower stress level. The temperature at the room temperature
generates stresses of 75 MPa while the higher temperature gen-
erates the maximum stress close to 240 MPa.
 The second most impacting main effect is the pressure, despite
of generating slightly stress level variation, as expected higher
pressure generates higher stresses.
 The design configurations is considered derisive by the main
effect analysis, it means that, the presence of reinforcement or
its absence do not affect the stress magnitude.
The interaction results are shown in Fig. 9. The interaction is the
most important characteristic for the design once it reveals the
interaction between the variables and give technical basis (data)
for a better design.
 The highest interaction occurs between the temperatures and
the pressure, lower temperature and lower pressure generate
the lower stress level. The pressure change slightly change the
Fig. 8. Main effect plot (equivalent stress).
Fig. 10. Pareto chart of the effects.
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perature and lower or higher pressure generate higher von
Mises stress.
 The second lower equivalent stress is found with lower temper-
ature no mattering the plate design, the stress level may be con-
sidered the same. Another extreme shows the same
unchangeable condition regarding design but the stress directly
related to the temperature level, higher temperature higher
stress.
 The interaction between the design and the pressure are not rel-
evant. Higher pressure generates slightly higher stresses, no
mattering the design involved.
The Pareto chart at Fig. 10, of the effects determines the magni-
tude and the importance of an effect. The chart displays the abso-
lute value of the effects and draws a reference line on the chart.
Any effect that extends beyond this reference line is potentiallyFig. 9. Interaction results (equivalent stress).
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important while C (Pressure) an important effect regarding the
von Mises stresses. The interaction between the variables B and
C is considered the third in terms of importance by the statistical
model analysis, but under a lower reliability, a = 0.05. The remain-
ing variables and interactions like: A, AB, AC are not considered
relevant.
4. Conclusion
The combination of modeling by novel Multiphysics finite ele-
ment analysis and statistical tools bring real and wider benefits
in the analysis of machines components. These benefits are oppor-
tunities of products improvements under shorter time and lower
costs. This paper brings the results of such combination when ana-
lyzing a simple 2D segment of a plate under two designs in order to
understand and ponder the variables mathematically and statisti-
cally. As known, the main effects and interaction treated in this
paper are; design, different temperatures and different pressures
applied.
The MEF revealed the significant change in the stresses levels
with time, which reveals the importance and real benefit of
mechanical and thermal interaction by Multiphysics analysis.
The hypothesis of having real benefits regarding the decrease of
mechanical stresses with the addition of reinforcements on the
plate, by ribs addition, even when it is under the highest pressure
and temperature could not be confirmed.
On the other hand, the temperature distribution is more favor-
able for the reinforced plate to the most severe condition, higher
temperature and pressure. A more homogeneous temperature dis-
tribution to the plate is a real and significant benefit.
The statistical DOE analysis revealed that the temperature
(thermal stress due to elongation) is the main effect and when
combined with pressure (mechanical external stress) generating
thus the higher stress level.
The main contribution of this paper is to reveal that the rein-
forcements must be pondered closely when the hypothesis
uniquely to increase of strength. The heat dissipation is signifi-
cantly the main benefit accomplished.
Another benefit of the paper is to demonstrate the importance
of having a Multiphysics tool where complementary theories (dis-
ciplines) can be applied on products design, as well as the usage of
statistical tool like DOE to products evaluation and bringing
improvements.Due to the highest importance given statistically to the temper-
ature, on the design of such segment, the next project will aim the
study some derivative about thermal fatigue cases.
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